Sterile alpha motif and HD-domain containing protein 1 (SAMHD1) is a triphosphohydrolase converting deoxynucleoside triphosphates (dNTPs) to deoxynucleosides. The enzyme was recently identified as a component of the human innate immune system that restricts HIV-1 infection by removing dNTPs required for viral DNA synthesis. SAMHD1 has deep evolutionary roots and is ubiquitous in human organs. Here we identify a general function of SAMHD1 in the regulation of dNTP pools in cultured human cells. The protein was nuclear and variably expressed during the cell cycle, maximally during quiescence and minimally during S-phase. Treatment of lung or skin fibroblasts with specific siRNAs resulted in the disappearence of SAMHD1 accompanied by loss of the cell-cycle regulation of dNTP pool sizes and dNTP imbalance. Cells accumulated in G1 phase with oversized pools and stopped growing. Following removal of the siRNA, the pools were normalized and cell growth restarted, but only after SAMHD1 had reappeared. In quiescent cultures SAMHD1 down-regulation leads to a marked expansion of dNTP pools. In all cases the largest effect was on dGTP, the preferred substrate of SAMHD1. Ribonucleotide reductase, responsible for the de novo synthesis of dNTPs, is a cytosolic enzyme maximally induced in S-phase cells. Thus, in mammalian cells the cell cycle regulation of the two main enzymes controlling dNTP pool sizes is adjusted to the requirements of DNA replication. Synthesis by the reductase peaks during S-phase, and catabolism by SAMHD1 is maximal during G1 phase when large dNTP pools would prevent cells from preparing for a new round of DNA replication. dNTP regulation | cell cycle arrest | dGTP pool
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dNTP regulation | cell cycle arrest | dGTP pool S AMHD1 was first described in the year 2000 as a component of the human innate immune system under the name dendritic cell-derived IFN-γ induced protein (DCIP) (1) . DCIP mRNA was expressed constitutively in most human organs with particularly large signals in skeletal muscle and heart. Sequences of distantly related genes were found in a wide spectrum of Eubacteria and Archea as well as in Eukaryotes, from Nematodes to humans. The protein was later renamed SAMHD1 (2) when it was realized that its structure contains two previously known protein modules: an N-terminal short sterile-alpha (SAM) domain (3) and a central longer HD domain (4) with a conserved doublet of histidine (H) and aspartate (D). The SAM domain is a putative protein-protein and protein-nucleic acid interaction module, and the HD domain is found in diverse families of phosphohydrolases (4) .
Mutations in SAMHD1 are responsible for Aicardi-Goutières syndrome, a genetic neurodegenerative disorder with a defective innate immune response (5) . Furthermore, SAMHD1 serves as a restriction factor in HIV-1 infection (2). Other lentiviruses escape restriction by coinfection with a protein (Vpx) targeting SAMHD1 for ubiquitin-dependent degradation (6, 7) .
Restriction required a functioning HD domain. Both the pure protein and a shorter fragment containing the HD domain were found to be an unusual triphosphohydrolase, degrading dNTPs to deoxynucleosides + triphosphate and thereby depleting the infected cells of the deoxynucleotides required for viral DNA synthesis (8) (9) (10) (11) .
A distantly related bacterial triphosphohydrolase was discovered in Escherichia coli more than 50 y ago (12) . This enzyme is a dGTPase that hydrolyzes dGTP to deoxyguanosine + triphosphate. Other more recently discovered homologous microbial enzymes show a wider substrate specificity for dNTPs. Thus, the structure of an Enterococcus faecalis oligomeric enzyme able to hydrolyze all four canonical dNTPs (13) contained in addition to the substrate sites allosteric sites specific for dGTP. An enzyme from Thermus thermophilus also hydrolyzes all four dNTPs but only with dTTP + dATP as allosteric effectors (14) .
The substrate specificity of mammalian SAMHD1 is similar to that of the E. faecalis dNTPase. Both enzymes have the capacity to hydrolyze all four dNTPs, but only in the presence of dGTP. The structural basis for the specificity has not yet been analyzed in detail. The hydrolysis of dNTPs by SAMHD1 and its regulation are conceptually related to the synthesis of deoxynucleotides and its regulation by ribonucleotide reductase (RNR) (15) . In both cases oligomeric enzymes with the potential to operate with four separate substrates use dNTPs as allosteric effectors to direct their substrate specificity.
Imbalanced dNTP pools decrease the fidelity of DNA polymerases and increase mutation rates (16) (17) (18) (19) . Surprisingly, a surplus of dNTPs may create problems for DNA replication, both in E. coli (20) and in Eukaryotes (21) . In Saccharomyces cerevisiae a large constitutive expansion of the dNTP pools led to a block in the G1 phase of the cell cycle (22) . Also correct proportions are important. Specific substitutions of amino acids in the allosteric site of yeast RNR affecting its substrate specificity changed the relative proportions of the dNTP pools and the mutation pattern of the cells (19) .
Our laboratory has as long-standing interest in the enzymes that supply and regulate dNTP pools. Mammalian cells contain two distinct pathways for dNTP synthesis: (i) in the cytosol, RNR catalyzes deoxynucleotide de novo synthesis, and (ii) in the cytosol and mitochondria, deoxynucleoside kinases phosphorylate deoxynucleosides to their 5′-phosphates that are further phosphorylated to dNTPs. RNR and several other synthetic enzymes are cell cycle regulated, with highest activity in S-phase. Catabolic 5′-nucleotidases in the cytosol and in mitochondria oppose the synthetic deoxynucleoside kinases fine-tuning the intracellular concentrations of deoxyribonucleoside 5′-phosphates. Additional catabolic enzymes (deaminases and phosphorylases) contribute to the establishment of final pool levels by removing deoxynucleosides from the cycle. Thus, a combination of interlocked synthetic and catabolic enzymes sets the intracellular concentrations of each dNTP (23) .
The occurrence of a gene coding for SAMHD1-related triphosphohydrolases in a large variety of bacteria and Archea suggests a deep evolutionary origin with a wider function for the enzyme than to be a guardian against viral infections. Here we describe the presence of SAMHD1 in the nuclei of human lung and skin fibroblasts, with lowest abundance during S-phase and a large increase of the protein in quiescent cells. Down-regulation of SAMHD1 by siRNAs increased intracellular dNTP pools, in particular dGTP, leading to changes in the proportions of the four pools. In proliferating cells the treatment interfered with the normal cell-cycle-related regulation of dNTP pool sizes and caused a delay of the cell cycle in the G1 phase. Pool expansion depended on RNR activity, as quiescent mutant skin fibroblasts with an inactive p53R2 subunit of RNR were deficient in accumulating dNTPs. We propose that SAMHD1 is a unique participant in the enzymatic network regulating cellular dNTP concentrations and prevents overproduction of dNTPs, exerting its activity mostly outside S-phase.
Results
Expression of SAMHD1 in Cultured Cells. We found that SAMHD1 protein and mRNA were present in extracts from a variety of human cell lines (Fig. 1A) . Monocytic THP1 cells had the highest SAMHD1 content, and Jurkat T cells were negative. Nontransformed lung and skin fibroblasts showed an intermediate expression of SAMHD1, and we chose these cells for our experiments. In proliferating cell extracts, SAMHD1 appeared as a doublet, possibly due to posttranslational modification (Fig.  1B) . The concentration of the protein changed considerably with cell proliferation, with confluent and quiescent fibroblasts containing much more SAMHD1 than cycling cells. By fluorescence microscopy we detected in agreement with earlier work (5) SAMHD1 exclusively in the cell nucleus (Fig. 1C) , in contrast to the known cytoplasmic location of proteins R1 and R2, the two subunits of RNR catalyzing the synthesis of dNTPs de novo (24, 25) . The fluorescent signal of SAMHD1 was present in all cells, but its intensity varied markedly, suggesting different concentrations of the protein in dependence of the cell position along the cell cycle (Fig. 1C) . Comparing the abundance of R2 and SAMHD1 in a same culture (Fig. 1C) , we found that cells with a strong SAMHD1 signal were negative for R2, whereas cells with a strong R2 signal had only weak SAMHD1 fluorescence. The two proteins not only were present in separate cellular compartments but also expressed differently during the cell cycle. RNR is specifically induced during S-phase to supply dNTPs for nuclear DNA replication (26) , but its R2 subunit is degraded after completion of DNA replication and absent from quiescent cells (27, 28) . The fluorescence data, as well as the results shown in Fig. lB , suggest that the largest expression of SAMHD1 instead takes place outside S-phase and the enzyme degrades dNTPs mostly when DNA replication does not occur. Indeed, in cycling cultures with varying amounts of S-phase cells, we found a clear inverse relation between the concentration of SAMHD1 and the frequency of S-phase cells (Fig. 1D) . Moreover, in cultures of quiescent lung fibroblasts, all nuclei had a strong SAMHD1 signal (Fig. 1C) , and immunoblotting analysis showed that SAMHD1 progressively accumulates in the cultures during serum starvation (Fig. 1E ).
siRNA Silencing of SAMHD1 in Proliferating Cells Inhibits Cell Cycle Progression and the Cell-Cycle-Dependent Regulation of dNTP Pools.
Transfection of cycling lung (Fig. 2 ) or skin fibroblasts ( Fig. S1 ) with siRNAs directed against SAMHD1 effectively depleted the cells of the mRNA in 24 h, whereas the protein declined more gradually. When after 48 h we transferred the silenced cells to new plates in siRNA-free medium, the mRNA reappeared after a lag of several days and the protein still later ( Fig. 2 and Fig. S1 ). During siRNA transfection the SAMHD1-silenced cultures grew more slowly than the nonsilenced controls, became growtharrested at a lower density, and contained fewer S-phase cells with a concomitant increase of G1 cells (Fig. 3 A and B and Fig.  S2 A and B) . To follow more closely the alterations of the cell cycle produced by the decline of SAMHD1, we pulsed cycling lung fibroblasts for 30 min with BrdU at different time points between 18 and 48 h of transfection with siRNA and determined the percentages of BrdU-positive cells by immunofluorescence (Fig. 3C) . The frequency of positive cells in the control cultures remained at around 30% at all time points. Instead, a small but significant decrease of BrdU-positive S-phase cells was already apparent after 18 h of silencing and became stronger after 30 h, when the silenced cultures contained only half as many S-phase cells as the controls. Even an incomplete down-regulation of SAMHD1 (Fig. 2) affected the progression of the cell cycle in nontransformed fibroblasts.
In proliferating cell populations, the concentrations of the four dNTPs depend on the frequency of S-phase cells in which ribonucleotide reduction is strongly induced (26) . During the silencing experiments, the growing control cultures became progressively more crowded and their percentage of S-phase cells declined ( Fig. 3 A and B) . Accordingly, also the size of the dNTP pools declined, with dGTP always representing the smallest pool (Fig. 4) . In SAMHD1-silenced cultures S-phase cells decreased faster than in the controls (Fig. 3B ), but the dNTP pools did not show a corresponding decrease. In Fig. 4 we transfected lung fibroblasts with two different anti-SAMHD1 siRNAs or control siRNA and during silencing related pool sizes to the frequency of S-phase cells, which reached its lowest value after 72 h of transfection. In the silenced cultures the progressive loss of SAMHD1 stabilized the pools, interfering with their normal cell-cycle-dependent down-regulation outside S-phase (Fig. 4) . Similar results were obtained by silencing SAMHD1 in proliferating WT skin fibroblasts (Fig. S2C) . The ratios between the dNTP pools of silenced and control cells increased (Fig. 5A and Fig. S2D ) because of the slower decay of the dNTPs in the absence of SAMHD1 rather than of a real accumulation of dNTPs. A different situation was observed when SAMHD1 was silenced in quiescent cells.
Silencing of SAMHD1 in Quiescent Fibroblasts Increases dNTP Pool
Sizes. The above experiments show results of SAMHD1 depletion in cycling cultures containing cells at various stages of the cell cycle. We now turn to results from more homogeneous cultures of SAMHD1-silenced and control lung fibroblasts, wildtype skin fibroblasts, and mutant skin fibroblasts devoid of p53R2 activity (29) , made quiescent by serum starvation. These cultures contained less than 3% S-phase cells and after transfection with SAMHD1 siRNAs retained less than 10% mRNA and only minimal SAMHD1 protein. In four to six independent similar experiments, per fibroblast line, we measured the four dNTP pools (Table S1 ) and calculated the increases in pool sizes caused by silencing (Fig. 5B) . In lung and wild-type skin fibroblasts, the loss of SAMHD1 increased all four pools, in particular the dGTP pool. In the p53R2 mutant fibroblasts, the increases relative to the WT skin fibroblasts were smaller, with a highly significant difference for dGTP (P < 0.01), less significant for dCTP (P < 0.05), and not significant for dATP and dTTP. As protein R2 is degraded during the attainment of quiescence, dNTP synthesis depended on p53R2 activity, defective in the mutant cells. The inability of the mutant fibroblasts to accumulate dNTPs in the absence of SAMHD1 reflects the key role of p53R2-dependent ribonucleotide reduction for the synthesis of dNTPs during quiescence (30, 31) . The expansion of the pools in the silenced fibroblasts with an active p53R2 enzyme demonstrates the involvement of SAMHD1 in a continuous turnover of dNTP pools also in the absence of DNA replication.
Recovery of SAMHD1 After siRNA Silencing. How fast do SAMHD1-silenced fibroblasts regain balanced dNTP pools and normal growth after removal of the siRNA? First we transfected cultures of wild-type lung or skin fibroblasts with SAMHD1 or control siRNAs for 48 h (inhibition period). We then replated the cells at low density in fresh medium lacking siRNAs and continued the incubation for 12-14 d, during which time the medium was changed every 3-4 d (release period). During the inhibition period, the effects of SAMHD1 down-regulation on cell growth, cell cycle progression, and the dNTP pools were those described above (Figs. 3 and 4 and Fig. S2 ).
During the release period the control lung fibroblasts restarted their growth, with the highest percentage of S-phase cells immediately after seeding. In Fig. 6 A and B we have combined the results of two experiments run with the same basic protocol, in which the cultures were analyzed at partly different time points. In these experiments the growth of the silenced cells remained strongly inhibited for 4-6 d (Fig. 6A) , with a peak of Sphase cells appearing around 6 d from the start of the recovery period (Fig. 6B) . The silencing caused a similar growth delay in skin fibroblasts, but they grew at a slower rate and their final growth was lower (Fig. S3) . They also presented a small peak of S-phase cells after 6 d (Fig. S3B ). Both cell lines had the capacity to resume growth after removal of siRNA, but their recovery only occurred after an extended lag phase. The long lag period paralleled the slow recovery of SAMHD1 mRNA and protein after the shift to siRNA-free conditions ( Fig. 2 and Fig. S1 ) and was probably due to the stability of the siRNA internalized by the cells during the 48 h transfection. We followed the reappearance of SAMHD1 in lung fibroblasts by Western blotting and at the same time measured the two small subunits of RNR, i.e., proteins R2 and p53R2 (Fig. 6C) . The pattern of R2 variations coincided with that of S-phase cells, whereas p53R2 was more stable during the whole release period.
We determined the effect of the preceding siRNA treatment on the size of the dNTP pools during the release period in both lung and skin fibroblasts (Fig. S4 A and B) . In both cases there was a nearly identical dramatic pool increase in all four pools, with a peak at the third to sixth day of recovery, when the cells contained some SAMHD1 mRNA but SAMHD1 protein had not yet returned. The dNTP peaks coincided in time with a small peak of S-phase cells.
The two cell lines showed highly similar behavior both for the timing of pool changes and for their increases. We therefore combined the results from Fig. S4 A and B and divided the average pool sizes of inhibited and control cells to calculate the increase in size for each pool (Fig. 7) . Most impressive is the peak value for dGTP after 6 d. At that point dGTP accounted for more than 20% of the total cellular pools, more than twice its percentage in a cycling cell population. When SAMHD1 at later times became available, the pool values normalized and cell growth resumed. These results clearly demonstrate that SAMHD1 is not only required for the maintenance of normal-sized dNTP pools but also for their normal proportions.
Discussion
The main interest for SAMHD1 has so far been concentrated on the mechanism of its antilentiviral action. To us its presence in most mammalian organs and in many cell lines suggested a more general role in the regulation of DNA precursors in mammalian cells. We have previously shown how in these cells the balance of dNTP pools results from the interplay of the synthetic and catabolic activities summarized in Fig. 8 and demonstrated the regulatory function of substrate cycles between deoxynucleoside kinases and 5′-deoxynucleotidases (32, 33) . We now postulate that SAMHD1 provides an additional unique level of catabolic intervention. The enzyme removes in the nucleus a potentially dangerous surplus of DNA precursors during the G1 phase of the cell cycle by their total dephosphorylation. The cell-cyclerelated regulation of the enzyme minimizes its activity during S-phase when large quantities of dNTPs are required for DNA replication. These are provided from the cytosol mainly by RNR. The cell cycle regulation of RNR is opposite to that of SAMHD1 and provides maximal activity during S phase. We obtained evidence for this concept by investigating how SAMHD1 participates in the regulation of cellular dNTP pools in nontransformed human fibroblasts that retain a normal control of cell cycle progression. When we down-regulated SAMHD1 expression by RNA interference in proliferating fibroblasts, we detected an early disturbance of the G1/S transition, with progressive accumulation of cells in G1 and reduction of S-phase cells, resulting in slower cell growth (Fig. 3) . The decline of S-phase cells was not accompanied by a parallel decline of dNTP pool sizes, in marked contrast to the control cells with normal SAMHD1 expression (Fig. 4) . A G1 delay produced by constitutively high dNTP pools was reported earlier in budding yeasts and was attributed to a disturbance in the loading of Cdc45, a component of preinitiation complexes at the DNA replication origins (22) . In proliferating fibroblasts, SAMHD1 silencing produced a slightly lower but comparable expansion of dNTP pools relative to the controls only after 72 h (Fig. 5A ), yet a decrease in the frequency of S-phase cells started to appear when the total cellular pools were hardly changed ( Fig.  3 B and C) . In contrast to the yeast experiments, our experiments were done with unsynchronized cell populations and we could not measure the pool alterations occurring specifically in G1 cells. Nevertheless, it appears likely that the down-regulation of SAMHD1 affected the small G1 pools at an early stage and raised them enough to trigger the G1 arrest, by a mechanism at present still undefined.
When cells enter the S phase, ribonucleotide reduction is induced to synthesize the dNTPs required for nuclear DNA replication (26) . Here the cellular content of the S-phase-specific R2 subunit of RNR changed in parallel with the frequency of S-phase cells (Fig. 6C) . Remarkably, SAMHD1 variations showed the opposite behavior, increasing as S-phase cells declined and accumulating in quiescent cultures (Fig. 1) . This difference suggests that the enzyme has the specific role of keeping the pools low when the cells are not replicating their nuclear DNA. Indeed, when SAMHD1 was silenced in cells made quiescent by serum starvation, the pools underwent large actual increases ( Fig. 5B and Table S1 ), revealing that the enzyme normally curbs the pools of nonproliferating cells. The loss of SAMHD1 not only enlarged the sizes of the four dNTP pools but also modified their relative proportions, more than doubling the percentage of dGTP compared with the original pool composition. A similar albeit smaller effect on the relative ratios of pool sizes was produced when SAMHD1 was silenced in proliferating cells (Fig. 5A) .
It is interesting that both in growing and resting cells the main change caused by SAMHD1 knockdown concerns the dGTP pool, which is normally the smallest pool. These results reflect the preference of SAMHD1 for dGTP as a substrate and suggest that the small dGTP pool size may not be due to a low dGTP synthesis by ribonucleotide reduction but to a more efficient catabolism by SAMHD1. Considering that dGTP acts as an allosteric effector of both RNR and SAMHD1, the restraint operated by the latter enzyme on dGTP concentration may have interesting and still unidentified regulatory implications for both enzymes.
The data available so far suggest that the extra-S phase activity of SAMHD1 fulfils two main functions: (i) during cell proliferation it maintains the G1 pools at the correct level for a regular transition into S, possibly through the normal assembly of the preinitiation complexes, and (ii) by lowering the dNTP pools, it deprives invading viruses of the necessary DNA precursors. Already in the early 1990s, the concept that the cellcycle-related variations of dNTP pools may be a defensive adaptation against viral infections had been formulated by McIntosh (34) . The recent discoveries on the antilentiviral activity of SAMHD1 directly confirm that earlier suggestion. A further role of SAMHD1 might be the control of dNTP pool sizes in the cells of multicellular animals that undergo cyclic fluctuations in response to sudden peaks of deoxynucleoside concentrations in the blood in connection with food intake.
A regulated dNTP pool outside S phase is important for the fidelity of DNA repair and mitochondrial DNA replication. The destabilizing effects of imbalanced dNTP pools on the nuclear and mitochondrial genomes are well known and exemplified by severe human diseases linked to genetic deficiencies of catabolic enzymes (35) (36) (37) . The mechanism underlying the phenotype of the Acardi-Goutières syndrome caused by SAMHD1 mutations is still unknown, but the occasional occurrence of mitochondrial DNA deletions might be linked to dNTP pool abnormalities. The recently reported specific influence of the dGTP pool on telomere length homeostasis (38) further emphasizes the importance of keeping dGTP under control. Recent studies have shown that methylation of the SAMHD1 promoter regulates gene expression in human T cells (39) and that the protein is phosphorylated by the cyclin A2/CDK1 complex in cycling cells (40, 41) . The doublet SAMHD1 signal observed in immunoblots (Fig. 1B) may depend on the latter phenomenon. The inverse relation between SAMHD1 abundance and frequency of S-phase cells, together with the variable levels of SAMHD1 in different cells and tissues (1) (Fig. 1) , is likely the result of these and other still unknown regulatory mechanisms. In contrast to SAMHD1, the 5′-nucleotidases contributing to the balance of dNTP pools are constitutively expressed proteins whose experimental down-regulation does not induce significant alterations of dNTP pool sizes (33, 42) . SAMHD1 is clearly a major regulator of dNTP pool turnover, whose loss has large effects on the composition of the cellular dNTP pool both during quiescence and proliferation.
Materials and Methods
Cell Lines and Cell Growth. Three human control skin fibroblast lines and one line derived from a patient with an inactivating mutation in RRM2B, the gene for p53R2, used by us previously (29, 43) were immortalized with human telomerase coded by plasmid CMV-hTERT/PGK-Puro as described (44) . An established line of lung fibroblasts (CCD34Lu) was from the American Type Culture Collection. We cultured skin fibroblasts in minimal Eagle's medium (MEM), 10% (vol/vol) FCS + nonessential amino acids, and lung fibroblasts in Dulbecco's MEM (DMEM) with 4.5 g glucose per liter + 10% (vol/vol) FCS + nonessential amino acids + 20 mM Hepes buffer pH 7.4. We determined the cell cycle distribution by flow cytometry after propidium iodide staining with a BD FACSCanto II Flow cytometer (BD Biosciences).
Methods. Details of other methodologies used in this study, including sources of materials, transfection protocols, determination of dNTPs, quantification of mRNA by RT real-time PCR, immunoblotting, and immunofluorescence, are provided in SI Materials and Methods.
